Acremonium cellulolyticus CF-2612 is a cellulase hyper-producing mutant that originated from A. cellulolyticus Y-94. In this study, we isolated a uracil auxotroph (strain CFP3) derived from CF-2612, and cloned a wild-type pyrF gene encoding orotate phosphoribosyl transferase (OPRTase) from Y-94. OPRTase activity was not detected in strain CFP3, which had one nucleotide substitution in its pyrF gene. The wild-type pyrF gene restored the defective growth of CFP3 on uracil-free medium, and PCR and Southern analyses revealed that wild-type pyrF was integrated into the genome. These results indicate that our transformation system for A. cellulolyticus with the pyrFgene as a selection marker was successful.
Lignocellulosic biomass represents a promising material for the production of bioethanol fuel, because it contains a large quantity of sugars in the form of cellulose and hemicellulose. Ethanol fuel production from lignocellulosic biomass is advantageous in that it does not lead to competition for food resources. 1) In order to produce ethanol fuel from lignocellulosic materials, cellulose and hemicellulose must be hydrolyzed into fermentable monomeric sugars. Cellulolytic enzymes are known to be the major hydrolyzers of cellulose and hemicellulose, and enzymatic saccharification of lignocellulosic materials that does not require the use of chemical compounds represents an important improvement in the generation of fermentable sugars during the bioethanol production process. The development of efficient pretreatment methods that do not require the use of chemicals, including milling treatment, have also been intensively investigated. 2, 3) Cellulase, a group of enzymes that hydrolyze cellulose into smaller oligosaccharides and subsequently glucose, and hemicellulose, which hydrolyzes hemicellulose into monomeric sugars, are used for the enzymatic saccharification of lignocellulosic materials.
Some filamentous fungi are wood-degrading organisms that secrete large amounts of cellulase and hemicellulase. [4] [5] [6] The cellulase produced by fungi has three major enzyme components: endoglucanases, which randomly hydrolyze internal glycosidic linkages; cellobiohydrolases, which produce cellobiose from cellulose chain ends; and -glucosidases, which convert cellobiose into glucose. 6) The filamentous fungus, Acremonium cellulolyticus, which was isolated in 1982 from soil in Japan, is a cellulose-degrading organism.
7)
A. cellulolyticus wild-type strain Y-94 secretes a large amount of cellulolytic enzymes. Furthermore, strains TN, C-1, and CF-2612 have been isolated from strain Y-94 by random mutagenesis. 8, 9) Strain CF-2612 has the highest cellulase productivity among these mutant strains and the development of a genome database of A. cellulolyticus by our group is underway.
Various transformation systems for filamentous fungi have been developed with a variety of selectable markers, including antibiotic-resistance and auxotrophic markers, but a transformation system for A. cellulolyticus has not been firmly established. A few examples of transformation of A. cellulolyticus were achieved by Meiji Seika Company 10) and our group 11) using antibiotic-resistance genes as selection markers. In these experiments, overexpression of cellulase and hemicellulase genes in A. cellulolyticus succeeded, but no genetic analyses e.g. investigation of homologous recombination efficiency in A. cellulolyticus, have been done. In addition, the development of transformation systems using other marker genes is important in studying this organism's cellulase production mechanisms.
In this study, we isolated a uracil auxotroph derived from A. cellulolyticus CF-2612 and characterized the strain. We cloned a pyrF gene encoding orotate phosphoribosyl transferase (OPRTase) from Y-94, and developed a transformation system by introducing the pyrF gene into the uracil auxotroph.
Materials and Methods
Strains, cultures, and media. A. cellulolyticus CF-2612 9) (FERM BP-7.0848) and A. cellulolyticus Y-94 7) (FERM BP-5826) were maintained on potato dextrose (PD) (Difco, Detroit, MI) plates. The strains were cultivated in a rotary shaker at 120 rpm at 30 C in 50 mL of MM medium (1% glucose, 10 mM NH 4 Cl, 10 mM potassium phosphate (pH 6.5), 7 mM KCl, 2 mM MgSO 4 , 0.1% trace metals 9) ). To measure cellulase activity, the strains were cultured as previously y To whom correspondence should be addressed. Tel/Fax: +81-82-420-8284; E-mail: tatsuya.fujii@aist.go.jp Abbreviations: OPRTase, orotate phosphoribosyl transferase; OMPdecase, orotidine-5 0 -phosphate decarboxylase; FPase, filter-paper degrading enzyme described. 9) To measure OPRTase and OMPdecase activities, the strains were cultured in GY medium (3% glucose, 2% yeast extract; Difco, Detroit, MI) for 3 d. For the cultivation of uracil auxotrophs, 1 g/L of uridine and 1 g/L of uracil were added to all media except for the GY medium.
Isolation of uracil auxotrophs of A. cellulolyticus CF-2612. A. cellulolyticus CF-2612 was cultured for 16 h in 50 mL of PD medium. The mycelia were collected, washed, and suspended in 20 mL of 0.8 M NaCl and 10 mM potassium phosphate (pH 6.0) containing 10 mg/mL of Yatalase (Takara Bio, Ohtsu, Japan), and then gently agitated at 30 C for 2 h. Protoplasts were collected from the resulting suspension by centrifugation at 750 Â g over 5 min. The protoplasts were washed twice with and then suspended in 1 mL of ST buffer (1.2 M sorbitol, 10 mM Tris-HCl, pH 7.5). The resulting suspension was UV-irradiated for 5 min in a biological safety cabinet (AIRTECH, Tokyo), and plated on MM medium containing 1.2 g/L of 5-fluoroorotic acid (FOA), 1 g/L of uridine, 1 g/L of uracil, 1 M sucrose, and 1.5% agar (MMFU medium). After cultivation for 5-7 d, colonies were selected and plated on MM medium and MM medium containing 1 g/L of uridine and 1 g/L of uracil (MMU medium). The colonies grown on MMU medium were isolated, and were protoplasted for single-cell isolation. The resulting strains were used as uracil auxotrophs.
Cloning of the pyrF gene and plasmid construction. DNA fragments encoding pyrF from A. cellulolyticus Y-94 and CFP3 total DNA were amplified with high fidelity polymerase KOD-plus (Toyobo, Osaka, Japan) and primers pyr5
. The primers were designed based on information in an A. cellulolyticus Y-94 genome database (unpublished data). Total DNA was prepared as follows: the mycelia were dried by freeze-drier FDU-2200 (EYELA, Tokyo) and homogenized by spatula. After the addition of 400 mL of TE buffer containing 2% SDS, the resulting suspension was incubated for 60 min at 50 C and centrifuged (12;000 Â g). Next, the nucleic acid contained in the supernatant was extracted with phenol-chloroform and concentrated by ethanol precipitation. Twenty mL of TE buffer containing 0.7 mg/mL of RNaseA (Sigma, St. Louwis, MO) was added to the precipitation, and the suspension was incubated for 60 min at 37 C. The resulting suspension was used as total DNA solution. A 2.7-kbp DNA fragment specifically amplified from Y-94 genomic DNA was inserted into the XbaI-EcoRI site of pBluescript KS(+) (Toyobo) to generate pbs-pyrF. The nucleotide sequences of pyrF from Y-94 and CFP3 are to appear in the GenBank/EMBL/DDBJ nucleotide database under accession nos. AB668056 and AB668057 respectively. Fungal transformation. Protoplasts of A. cellulolyticus CF-2612 were prepared as described above. Fungal transformation was done as described previously, 12) with modifications as follows: Protoplasts (4 Â 10 7 cells) suspended in 200 mL of STC buffer (1.2 M sorbitol, 10 mM Tris-HCl, pH 7.5, 10 mM CaCl 2 ) were incubated with 50 mL of PEG solution (40% PEG4000, 10 mM Tris-HCl (pH 7.5), and 10 mM CaCl 2 ) and 10 mg of pbs-pyrF (suspended in 20 mL of TE buffer) for 30 min on ice. PEG solution (1 mL) was added to the resulting solution and incubated for 15 min at room temperature. After the addition of 8.5 mL of STC buffer, cells were collected by centrifugation at 750 Â g for 10 min and suspended in 1 mL of STC buffer. The resulting solutions (200 mL) were suspended in 5 mL of MM medium containing 1 M sucrose and 0.7% agar (maintained at 47 C) and overlayed on MM medium containing 1 M sucrose and 1.5% agar, which was incubated at 30 C. The first transformants usually appeared after the plates were incubated for 5 d. Total fungal DNA was Southern blotted and analyzed using a DIG DNA labeling and detection kit (Roche, Basel, Switzerland) following the manufacturer's instructions. Fragments of DNA encoding pyrF were amplified as described above as hybridization probe.
Preparation of cell-free extracts and enzyme assay. Cells were collected by filtration, washed twice with 0.9% NaCl, suspended in 100 mM Tris-HCl (pH 7.5) containing glass beads (Sigma), and homogenized by Fastprep-24 (MP Biomedicals, Irvine, CA). The extract was centrifuged at 10;000 Â g for 15 min, and the supernatant was used as cell-free extract. FPase, 9) OPRTase, 13) and OMPdecase 13) activities were measured as previously described. The soluble protein concentration was determined by the method of Lowry et al.
14)
Results
Isolation and characterization of uracil auxotroph strains A. cellulolyticus CF-2612 lacks conidia-forming ability, hence we UV-irradiated it to protoplasts of A. cellulolyticus CF-2612 and observed growth on the MMFU medium. Thus, we isolated three strains (CFP1, CFP2, and CFP3) which can grow on MMU medium but slightly on MM medium (Fig. 1A) . Although the levels of OMPdecase activity in the three isolates were as high as that of CF-2612, no OPRTase activities in the uracil auxotrophs were detected (Fig. 1B) . This indicates that the three isolates should be defined as OPRTasedeficient mutants. Next we investigated the levels of FPase activity of the strains. As shown in Fig. 1C , the levels of FPase activity of strains CFP1 and CFP3 were similar to that of CF-2612, but the level of activity of CFP2 was lower than that of CF-2612. This indicates that the influence of UV irradiation on cellulase production of CFP1 and CFP3 is small.
Isolation and cloning of the putative pyrF gene As described above, all the isolated mutants were thought to be pyrF À mutants. When these mutants are used as hosts in transformation experiments, the pyrF gene of A. cellulolyticus should be used as selective marker. We designed oligonucleotide primers according to the genomic nucleotide sequence of the putative pyrF gene from the A. cellulolyticus Y-94 genome database (unpublished data). We amplified and isolated a 2.7-kbp DNA fragment from the total DNA of A. cellulolyticus Y-94 by PCR using these primers. An open reading frame in the fragment encoded a protein comprised of 243 amino acid residues. A database search revealed that the amino acid sequence was similar to that of the OPRTase encoding genes of Penicillium marneffei (XP 002152050), Aspergillus nidulans (XP 663488), Aspergillus niger (AAX48933), and Saccharomyces cerevisiae (NP 013601), at 96.3%, 69.6%, 40.2%, and 43.1% identity respectively. The predicted protein contained an active center amino residue 15) and motif sequence 16) that is conserved among the fungal OPRTases (Fig. 2) , indicating that the isolated DNA fragment encoded an ortholog of the pyrF gene from A. cellulolyticus Y-94.
Introducing the pyrF gene into a uracil auxotroph strain
Next we examined to determine whether the growth of a uracil auxotroph strain cultured on MM medium would be restored by introduction the cloned putative pyrF gene. We selected CFP3 as the host strain for transformation, because the FPase activity of CFP3 was as high as that of CF-2612 (Fig. 1B) . We sequenced the putative pyrF gene of CFP3 and found one nucleotide substitution (C518T) relative to the wild-type putative pyrF gene (Fig. 2) . This mutation resulted in an aminoacid change at T154I. We introduced pbs-pyrF, a plasmid containing the A. cellulolyticus Y-94 putative pyrF gene, into CFP3 and obtained several transformants that proliferated on MM medium. We used circular and EcoRI digested (digestion in the multi-cloning site of pBluescript KS (+)) pbs-pyrF for transformation. The transformation efficiency was 0.3 transformants mg À1 DNA and 0.1 transformants mg À1 DNA respectively. Among these transformants, we further analyzed strains CFT1, CFT2, and CFT3, to which were introduced circular pbs-pyrF (Fig. 3A) . The levels of intracellular OPRTase activity in these strains were significantly high, although undetected in CFP3, indicating that the putative pyrF gene encodes OPRTase. CFT2 and CFT3 had 4-fold and 6-fold higher OPRTase activities than CF-2612, respectively (Fig. 3B) .
PCR analysis using pbs-pyrF-specific primers revealed 1-kb and 0.8-kb DNA fragments (Fig. 4A) . No DNA fragment was amplified when the total DNA of strain CFP3 was used as template. When the total DNA of CFT1, CFT2, and CFT3 were used, amplification of the DNA fragments was observed, indicating that pbs-pyrF was introduced into these strains (Fig. 4A) . This indicates that a transformation system using the pyrF gene was in fact developed. Southern blotting of total DNA from the strain in which a single copy of pbs-pyrF was introduced into the pyrF locus revealed specific 5.7-kb, 3.3-kb, and 1.4-kb PstI DNA fragments (Fig. 4B ), but these three specific DNA fragments were not present in CFT1 and CFT2. CFT3 exhibited similarly sized bands with these three specific DNA fragments, but PCR analysis revealed that pbs-pyrF was not integrated in the pyrF locus in CFT3 (Fig. 4C) , indicating that pbs-pyrF was integrated with non-homologous recombination in CFT3. CFT2 and CFT3 exhibited a number of DNA fragments in Southern analysis, indicating that multiple copies of pbs-pyrF were integrated into their genomes. This is consistent with the finding of higher levels of OPRTase activity in CFT2 and CFT3 than that of CF-2612 (Fig. 3B) . We further analyzed several transformants introducing circular pbs-pyrF, but the strain with the single copy of pbs-pyrF integrated in the pyrF locus was not obtained (data not shown). Next we experimented with PstI digested pbs-pyrF (pyrF internal digestion) for transformation. We obtained three transformants, and one of them (strain CFTL) carried pbs-pyrF in the pyrF locus (Fig. 4D) .
Discussion
In this study, we isolated three A. cellulolyticus uracil auxotrophs (CFP1, CFP2, and CFP3), and they exhibited no OPRTase activity. We cloned a pyrF gene encoding OPRTase derived from A. cellulolyticus Y-94. We sequenced the pyrF gene of CFP3, which was found to have one base replacement as compared with that of Y-94. The uracil auxotrophy of CFP3 was complemented by introducing the wild-type pyrF gene into CFP3. PCR and Southern analyses revealed that CFT1, CFT2, and CFT3 carried pbs-pyrF. This indicates that we succeeded in the establishing a transformation system using an auxotrophic marker in A. cellulolyticus.
All three uracil auxotrophs isolated in this study exhibited no OPRTase activity. Although a screening involving 5-FOA has been reported to yield both pyrG and pyrF mutants of other fungi, [17] [18] [19] in the present study the three isolated auxotrophs were pyrF mutants. This has been reported in studies of other organisms, 13, 20, 21) but, a clear explanation of this phenomenon has not been achieved. The pyrF gene of CFP3 had one nucleotide substitution relative to the wild-type putative pyrF gene. This base replacement is thought to lead to the replacement of an amino acid within the motif sequence, 16) and is responsible for the inactivation of OPRTase. This is consistent with a report that a mutation in the motif sequence inactivates OPRTase in other organisms. 13) Using autonomous replicating high-copy plasmids is a promising method for efficient and useful material production by microorganisms. However, autonomously replicating plasmids in filamentous fungi are far fewer in number than in bacteria or yeast. We introduced plasmid pLD10, 22) which contained a hygromycin-resistance gene and an autonomous replication sequence of the fungus Fusarium oxysporum, into A. cellulolyticus, but pLD10 was integrated into the genome in all the transformants (data not shown), although the sequence derived from A. cellulolyticus was not present in pLD10. Furthermore, multiple plasmids (pbs-pyrF) were integrated into the genomic DNA of CFT2 and CFT3, as shown in Fig. 4B . Among the three transformants carrying PstI-digested pbs-pyrF, two strains did not carry the pbs-pyrF in pyrF locus. This indicates that exogenous DNA might be commonly integrated into the A. cellulolyticus genome with nonhomologous recombination. This is a serious problem for the genetic analysis of A. cellulolyticus cellulase production, because homologous recombination is essential for gene targeting. Nonhomologous integration into the genome is a common event reported in studies of other filamentous fungi. [20] [21] [22] [23] [24] To overcome this problem, we turned to a report that gene-targeting frequency was markedly enhanced in strains of Aspergillus oryzae, 23, 24) Neurospora crassa, 25) and other filamentous fungi 26, 27) exhibiting disrupted ku70 or/and ku80 genes. We have discovered the ortholog of these genes in A. cellulolyticus, and the construction of strains with disruptions in these genes is now under way. In future studies, we intend to develop A. cellulolyticus recombinant strains that produce cellulolytic enzymes more efficiently through genetic analysis of cellulolytic enzyme production mechanisms. We intend to make improvements in cellulolytic enzyme production in A. cellulolyticus using the new transformation system described in this study.
